Introduction
Mean arterial pressure is a function of total systemic blood flow (cardiac output) and the resistance to blood flow through the parallel peripheral circulations (total peripheral resistance). Systemic arterial hypertension is a hemodynamic dis-
•Updatcd to July, 1979 , from previous report published as DHEW Publication No. (NIH) 79-1625. ease in which mean arterial pressure is elevated because of any factor that raises total peripheral vascular resistance, cardiac output, or both.
Although our primary attention in this review of the state of the art is on the regional circulations, and, hence, peripheral vascular resistance, the regional circulations clearly have important influences on cardiac output. For example, cardiac filling pressure is a function of venous compliance. Thus, decreases in compliance tend to shift blood volume from the periphery to the cardiopulmonary (central) portion of the circulation. Arterial impedance, with resistance and compliance components, is afterload for the left ventricle.
The magnitude of resistance to blood flow through each individual peripheral circulation determines the fraction of the cardiac output perfusing it. Accordingly, disaproportionate changes in organ resistances will alter the distribution of the cardiac output to each organ circulation.
Because the circulation transports materials and heat energy to and from the tissues according to their individual needs, local factors play an important role in adjusting the level of resistance (local regulation) so that the ratio of tissue blood flow to tissue metabolism tends to remain constant. (This ratio, however, varies greatly among the peripheral circulations, being lowest in the heart and among the highest in the kidney.) Responses of peripheral vasculature to neural or humoral influences allow the body to regulate blood flow differentially through the various peripheral beds to serve wholebody needs (remote regulation).
Poiseuille's law separates resistance into its geometric and viscous components. In hypertension, derangements in the geometric component, specifically, vascular radius, appear to be of greater importance. Vascular radius may be changed actively or passively. Active vasoconstriction results from neurohumoral influences or local metabolic or myogenic factors. Passive changes result from alterations in transmural pressure gradients and vessel wall structure. Modification in total cross-sectional area of a vascular bed, and thereby its resistance, also results from alterations in vessel numbers. Structural changes in vessels, as well as changes in sensitivity of the vascular smooth muscle cells, may modify vascular responses to remote or local vasoactive stimuli.
The viscous component of vascular resistance may be altered by factors affecting blood viscosity and the deformability of the blood vessel walls. Like blood, the blood vessel walls are constructed of deformable materials that move in response to the shearing force of blood flow.
The distribution of resistance between the prc-and postcapillary vessels affects capillary hydrostatic pressure, thus modifying capillary filtration. Capillary filtration, also a function of arterial pressure, right atrial pressure, capillary wall permeability to plasma proteins, and pressure in the interstitial space, determines distribution of body fluids between vascular and interstitial compartments. Total body fluid volume is regulated over the long term by intake and the kidney.
Poor tissue nutrition, especially in the myocardium, may be an important pathogenic influence in hypertension. Tissue nutrition is a function of capillary diffusion, which is modified by changes in capillary surface area and permeability, concentration gradients, and diffusion distances.
Blood and Vascular Rheology

Blood Viscosity
General
Blood viscosity at a given temperature depends on: cell concentration (primarily red cell concentration); cell deformability; cell aggregation; and plasma viscosity. 1 Normal red cells are deformable by shear stresses during circulatory flow, and they aggregate to form rouleaux at low flow states. Such deformation and aggregation of red cells can alter their hydrodynamic influence on the flow stream and lead to sheardependent behavior of blood viscosity. Viscometric measurements on normal blood samples have shown that reduction of shear rate from that normally existing in the large vessels (above 200 sec 1 ) to near stagnation increases blood viscosity by approximately 30-fold. The shearing condition varies spatially and temporally in the circulatory system and is difficult to define in normal and hypertensive states. Although there have been attempts to correlate in vivo measurements of "apparent viscosity" with those determined in vitro, 2 " 4 it is not yet possible to make a quantitative estimate of the contribution of sheardependent blood viscosity to blood pressure in hypertension.
Hypertension
The role of blood viscosity has generally been neglected in hemodynamic investigations of hypertension. Evidence now available suggests that blood rheology may be abnormal in certain forms of hypertension.
In 1905, Gaisbock 6 used the term "polycythemia hypertonica" to indicate that hypertension is found among many polycythemic patients. This finding, relating cell concentration and blood pressure, has been confirmed by several other investigators. 8 "* In epidemiologic studies of relatively large population samples, high diastolic pressure was correlated with elevated hematocrit or hemoglobin levels. 9 
"
11 Despite these documented increases in cell concentration in hypertensive populations, early rheological studies on smaller groups of hypertensive patients did not show an increase in blood viscosity."• 1J This may be due to the use of viscometers that did not allow measurements at controlled shear rates, and the lack of proper classification" of different types of hypertension according to hemodynamic and endocrine profiles.
There is insufficient information on the relation of blood pressure to other factors regulating blood viscosity, for example, the elevated plasma viscosity in macroglobulinemia or the reduced red cell deformability in sickle cell disease. It should be noted, however, that hematocrit values are usually decreased in these conditions; hence, whole blood viscosity is not necessarily elevated. 18 As the rheological derangement of flow in these conditions is not accompanied by an increase in oxygen-carrying capacity, in contrast to the situation with polycythemia, the reduction in oxygen delivery may cause autoregulatory vasodilation, thus masking the effect of any elevation in blood viscosity on flow resistance. Under these circumstances, lack of correlation between arterial pressure and blood viscosity docs not exclude the possibility that blood rheological disturbances play a pathophysiological role.
The important role played by the renin-angiotensin axis in the pathogenesis of certain forms of hypertension is well-known. Recent studies on anesthetized dogs have shown that elevating blood viscosity by raising the hematocrit can stimulate renin release, whereas elevation of blood viscosity by use of high molecular weight dextran is ineffective. 18 These results, and data cited below, suggest an interrelation between blood rheology and the renin-angiotensin system in blood pressure regulation that must be investigated further. In hypertension, rheological factors, via their actions on renal reabsorption of sodium, 17 may also interact with alterations in body fluids. Blood rheology has been studied in 67 patients with essential hypertension." The data have been correlated with plasma renin activity normalized by 24-hour urinary sodium excretion." Whole blood viscosity is not significantly different in patients with low renin activity and normal controls, but patients with • high renin activity have significantly elevated whole blood viscosity (average increment approximately 30%). The increase in whole blood viscosity can be attributed to a combination of slight abnormalities in each of the four factors regulating blood viscosity -elevation of hematocrit, high plasma viscosity, reduced cell deformability, and enhanced cell aggregation. The augmented plasma viscosity, found in patients with high or low renin activity, can be attributed to elevations in plasma concentration of alpha^ alpha,, and beta t globulins and fibrinogen. It must be pointed out, however, that plasma volume was not measured in this study. Thus, the elevation of hematocrit may be due in part to a reduction in plasma volume. 10 It is apparent that additional studies of the role of altered blood viscosity in clinical hypertension are needed. Systematic longitudinal studies of blood rheology should be carried out on patients with different forms of hypertension. The investigations should be designed such that critical analysis can be made of each of the major factors regulating blood viscosity. The in vitro blood viscosity measurements should be correlated with the endocrine profile and with in vivo measurements of circulatory dynamics and body fluid volumes.
Little is known about the role of blood viscosity in experimental hypertension. Thus, there is also need for rheologic investigations in various animal models of hypertension. Such studies would allow: 1) selective manipulation of rheological variables; 2) longitudinal experiments to provide information on the contribution of rheology to the development of hypertension; 3) direct microcirculatory observation of flow velocity, vessel dimension, pressure gradients, and other related microcirculatory variables; and 4) correlation of rheologic data with regional and systemic hemodynamics, vessel wall rheology and transport, microcirculatory function, oxygen transport, blood volume, body fluid distribution, and endocrine profile.
Vascular Rheology
Hypertension is known to be a predisposing and aggravating factor in atherogenesis. Recent experimental studies suggest that the rate of passage of macromolecules from the lumen into the wall of the arteries is influenced by mechanical factors such as fluid shear stresses, pressure oscillations, and stretch. 11 ' 2 * The principal barrier to passage of macromolecules lies at the blood-wall interface, possibly in the endothelial cell layer." Based on theoretical analyses, uptake measurements, and electronmicroscopic studies, a model of macromolecular transport across the arterial endothelium has been proposed." In this model, periodic mechanical disturbances enhance transendothelial diffusion of the plasmalemmal vesicles responsible for the transport of macromolecules between the blood front and the tissue front of the endothelial cell. Studies are needed to test the model, which may provide a biophysical basis for the relation between hypertension and atherogenesis.
Arteries Nutrition of Arterial Walls
The arterial wall may be nourished by diffusion from the lumen, by diffusion from adventitial vessels, or by blood flow through intramural vasa vasorum.
28
The relative contribution of these sources varies in different arteries. 1 *"™ In the aorta, intramural vasa vasorum are present in significant numbers only in the outer layers. Recent studies suggest that blood flow through vasa vasorum is altered by several neurohumoral stimuli. 80 ' 81 • Inadequate nutrition of the arterial wall in hypertension may contribute to medial necrosis of the aorta and dissecting aneurysm, necrosis of smaller vessels, and premature atherosclerosis.
"
27 Several mechanisms in hypertensives might cause inadequate nutrition of the arterial wall: 1) increased oxygen and nutrient requirements of vessels that are exposed to hypertension;
12 " 2) medial hypertrophy, intimal thickening, and "waterlogging" with extension of the diffusion pathway for oxygen and other nutrients;"' " and 3) in the aorta, compression or distortion of vasa vasorum by aortic distention.
26
' " Acute increases in arterial pressure, mechanically induced by occlusion of the ascending aorta, reduce blood flow through aortic vasa vasorum. 10 A preliminary report suggests that maximal vasodilator capacity of vasa vasorum is reduced during chronic hypertension. 37 If it is assumed that the metabolism of the aortic wall increases with elevated pressure, this finding would suggest that increased metabolic needs of the aorta may not be met by increased flow through vasa vasorum. There is need for further investigation of the nourishment of vessel walls in hypertension. Important areas for further study are the relative contributions of diffusion and of flow through vasa vasorum, the regulation of blood flow through vasa vasorum, and the balance between supply and demand of oxygen and nutrients.
Arterial Compliance
Chronic hypertension is associated with decreased arterial compliance. In studies of the brachial artery in situ in patients with essential hypertension," pressurevolume curves were shifted toward the pressure axis. In dogs with chronic hypertension resulting from cellophane wrapping of both kidneys," abnormal pressure-radius relationships were demonstrated in femoral arteries in vivo. There is also evidence for reduced arterial distensibility in spontaneously hypertensive rats (SHR). 40 Vascular fibrosis and/or edema may contribute to decreased arterial compliance, but the mechanisms of altered compliance are not fully elucidated.
Decreased arterial compliance associated with hypertension has important functional consequences. Decreased compliance of the arterial system elevates systolic pressure and also alters the pulse wave and its speed of transmission.
41 Decreased compliance also increases cardiac afterload. It has also been suggested that decreased compliance of the aorta and carotid arteries may contribute to resetting of the aortic and carotid baroreceptors. 40 '" There is need for further study of the mechanisms of the decreased arterial compliance in hypertension and of the functional implications of this decreased compliance, particularly in relation to its effect on baroreceptor function.
Arterial Resistance
Peripheral arterial resistance is increased in established hypertension and accounts for the high blood pressure." Study of segmental resistances in the forearm bed of patients with established essential hypertension, and in the muscle, skin, and mesenteric beds of animals with experimental renal hypertension indicates that the increased resistance is primarily located in the arteriolar segment.
44
" 47 Resistance is normal or slightly increased in the larger conduit arteries. However, the contribution of large and small arteries to the increase in resistance may vary with time, vascular bed, and type of hypertension. Such contributions may have etiological implications. Thus, segmental arterial resistances in hypertension should be studied further.
Five major factors may increase arterial resistance in hypertension: 1) altered arterial structure; 2) a cellular defect in vascular muscle; 3) autoregulation; 4) increased neurohumoral drive; and 5) increased blood viscosity. The following discussion will focus on the structural component of the elevated resistance and on the role of autoregulation of blood flow in the mechanisms of hypertension.
Structural Changes in Arteries
There is convincing morphologic, biochemical, and hemodynamic evidence for structural changes in the walls of arteries in hypertension. Histologic studies have demonstrated that medial hypertrophy of arteries occurs in patients with high blood pressure and in experimental hypertension. 4 * 1 *• Cellular hyperplasia, 49 fibrosis, and "waterlogging" 60 may also contribute to the thickening. Some of these changes may not be merely the result of elevated intravascular pressure; "waterlogging" and vascular growth also occur in normotensive vascular beds of rats with coarctation hypertension."'" There is evidence that a humoral factor may be involved in the genesis of "waterlogging" in hypertension.
M
Hemodynamic evidence for increases in wall-tolumen ratio of resistance vessels in hypertensives includes a triad of observations in intact vascular beds: 1) maximal vasodilation is impaired in many 44 M Taken alone, each component of this triad may not provide sufficient evidence for structural changes. It is arguable, for example, whether maximal vasodilation is ever truly achieved. Impaired maximal vasodilation of a vascular bed might be due to fewer vessels rather than thickened walls," 1 "• M or it may be attributable to a functional defect in the relaxation processes of the vascular muscle cells. Decreased, rather than enhanced, contractility of arteries from hypertensives is seen in vitro," 7 which is in contrast to the in vivo observations. The explanation for this discrepancy is not clear.
Taken altogether, however, the triad of hemodynamic evidence for structural changes in vascular beds of hypertensives is convincing, and, being well corroborated by morphologic and biochemical evidence, the concept is generally accepted. The hemodynamic consequences of increased vascular wall-tolumen ratio have been presented in detail.
87 ' M Vascular responses to normal levels of vasoconstrictor stimuli would be increased, as has been observed repeatedly, 8 ' 7 ' and resistance thereby elevated. (Responses to vasodilator stimuli are also increased.
77 ) It has even been suggested that, in some forms of hypertension, the vascular structural changes alone may account in full for the increased peripheral resistance and hence the elevated blood pressure. 67 ' M This conclusion is most controversial, because in experimental hypertension, there is now evidence that functional changes in the sensitivity of vascular smooth muscle, as well as structural changes in the walls of vessels, contribute to elevated total resistance. 71 ' 78 ' 7B The relative contribution of structural and functional changes to increased resistance is extremely important and requires much more investigation, not only in various forms of hypertension and various vascular beds, but also in respect to the various stages of hypertensive disease. In this regard, there is now evidence that the relative contribution of these structural and functional changes may differ in developmental and established phases of salt-induced hypertension in rats. 80 In addition to being an important factor in the pathogenesis and maintenance of hypertension, arterial wall thickening may also serve to protect capillary pressure from the increases in arterial pressure. This protective effect may be especially important in cerebral vessels, in which sudden increases in arterial pressure disrupt the blood-brain barrier.
80
There is hemodynamic evidence suggesting that structural changes in arteries in SHR may regress if blood pressure is lowered. VOL 2, No 3, MAY-JUNE 1980 changes in hypertensives is, therefore, important from etiological and therapeutic standpoints and needs further investigation.
Hindquarters vascular beds of hypertensive rats have been "protected" from elevated pressure by ligating the aorta below the renal arteries. Such beds become hypotensive and hypoperfused."-•*"** Hemodynamic evidence suggests that, in these "protected" beds, the vascular wall-to-lumen ratio is no greater than in the hindquarters beds of non-ligated normotensive rats."' M This finding has been used as evidence that structural changes in arteries in hypertension result from elevated intravascular pressure. If the "protected" bed in the hypertensive is compared to a similarly "protected" bed in a normotensive, however, there is hemodynamic evidence for a significantly greater wall-to-lumen ratio in the hypertensive. This observation suggests that factors other than elevated intravascular pressure may be involved in the vascular structural changes. This hypothesis is corroborated by evidence from studies of normotensive vascular beds of animals with coarctation hypertension: resistance is elevated, the dose-response relationship to norepinephrine is steeper, maximal vasodilator responses are impaired, and there is evidence for arterial wall growth and "waterlogging" in such beds.
82 -87 ' 88 Thus, the possibility that structural vascular changes result in part from humoral or neural stimuli in hypertension should be explored. It is also possible that structural changes in vascular walls, or a predisposition to such changes, precedes hypertension and may be an important etiologic factor. 43 '"
Local Regulation of Blood Flow in Hypertension
Local regulation of blood flow is that regulation intrinsic to the organ and independent of extrinsic nerves and circulating vasoactive agents. The regulation is thought to involve active changes in blood vessel caliber resulting from the Bayliss response and alterations in the concentrations of oxygen and certain tissue metabolites. 90 Intrinsic nerves may also participate.* 1 The time course of local regulation is measured in seconds or a few minutes. Autoregulation of blood flow subsequent to alteration in perfusion pressure is an example of local regulation of blood flow.
The autoregulatory response varies in different organs. In kidney, elevation of perfusion pressure quickly produces a rise in resistance, but in skin, resistance quickly falls. (In skin, the autoregulatory response of the vascular smooth muscle is apparently weaker than in kidney, and resistance falls because of passive vasodilation resulting from increased transmural pressure.) As a result of this varying mix of active vasoconstriction and passive vasodilation, the net effect of elevation of systemic arterial pressure (by increasing cardiac output) on total peripheral resistance is no change for at least 20 to 30 minutes, in the baroreceptor-denervated dog."
Two observations led to use of the term "autoregulation" in connection with hypertension. First, in certain forms of hypertension, such as those with volume expansion, the initial hemodynamic alteration is often an increase in cardiac output. In these forms, total peripheral resistance is initially unaffected or slightly reduced, and then it progressively rises above the normal value, becoming maximal after a number of days. This hemodynamic sequence has been observed in rats with experimental renal hypertension,*^9 5 in dogs with reduced renal mass plus saline loading, 96 '" in dogs with one-kidney, one wrapped Page and one-kidney, one clip Goldblatt hypertension,* 8 ' " and in anephric man maintained by dialysis and subjected to overhydration. 100 The other observation is that volume expansion of animals leads to a slow rise in total peripheral resistance. This has been observed in dogs before and after ganglionic blockade 101 and in dogs with cardiovascular control loops of the central nervous system eliminated by decapitation and alcohol destruction of the spinal cord. 101 The time course of the resistance increase is approximately 30 to 120 minutes. 101 
'
1OS
The obvious discrepancy between the time course of these responses and those seen in classic autoregulation led to the term "long-term autoregulation" 102 and the suggestion that the increase in total peripheral resistance in hypertensive states might result from vascular restructuring.
10S '
1M
In certain forms of hypertension, 104 ' 10 * however, the hemodynamic sequence suggesting autoregulation apparently does not occur. These and other observations 10 * suggest that some factor or factors, in addition to classic autoregulation and vascular restructuring, operate to elevate resistance in the genesis of hypertension. In accounting for the volume-expanded form, consideration should be given to the possibility that the additional factor is a cellular defect related to volume expansion per se rather than to the increased pressure and flow that it causes. 108 Search should be made for a humoral factor in volume-expanded hypertension that elevates peripheral vascular resistance. There is evidence for such a factor, and its presence could link volume expansion and the rise in resistance.
There are essentially no studies of the time course of the changes in resistance to blood flow through individual organs during the development of hypertension. Only steady-state values, greatly separated in time, are available.* 4 Nor has classic autoregulation been studied in individual organs at various times during the development of hypertension. Thus, it is not possible to say whether the time course of the resistance changes in individual organs is compatible with the phenomenon of classic autoregulation and/or vascular restructuring and whether the ability of the vascular beds to autoregulate increases with time. There should be more studies of the time course of the changes in resistance to blood flow through individual organs during the development of hypertension, coupled with study of their ability to autoregulate. Such studies are particularly important for the kidney, because of its responsibility for water and salt excretion, and also for the brain and heart.
Microcirculation and Capillary Function
Microcirculation
The microcirculation is the primary site of vascular resistance, nutrient transport, and fluid exchange. There is evidence that each of these functions is disturbed in hypertension, but their microcirculatory determinants are not fully understood at present due to the complexity of the system, the small number of trained investigators, and technological limitations.
Role of Tissue Metabolism
Perfusion is linked closely to tissue metabolism; either may be the dependent or independent variable in this relationship. 107 Thus, it is possible that the abnormal arteriolar resistance in hypertension might be explained by abnormal cellular metabolism. In support of this hypothesis at the whole body level abnormal thyroid function has been loosely associated with diastolic hypertension in man 108 and in experimental animals.
10> ' u o SHR have been found to have elevated whole body oxygen consumption. 111 The exact status of thyroid function and whole body metabolism in hypertension is, however, unclear. At the organ level, VO,/g is reported to be normal in brain 112 and heart 113 ' 1U in various forms of hypertension. Within an organ, metabolism and circulation are often heterogeneous, so significant disturbances may be obscured, if measurements are made on a whole organ basis. Knowledge of intra-organ bipod flow distribution is rudimentary, however, and of uncertain reliability, due to shortcomings of available methods. The situation in hypertension is even more complex, due to changes in vasomotion, altered organ function and structure, small vessel disease, and rheological abnormalities.
It is also unlikely that an abnormality in the complex mechanisms that couple metabolism to circulation would be detected by so gross a measurement as VO,. Indeed, several of the coupling agents thought to be important are not Oj-linked. 107 Moreover, the principal site of resistance may change with physiological conditions. For example, acute sympathetic stimulation shifts the principal pressure drop toward small arterioles. 128 It is not known whether this is also true if sympathetic tone is elevated for prolonged periods. Such shifts in locus of resistance could affect nutrient delivery by decreasing functional capillary density.
Morphometric data suitable for network modelling or modern statistical analysis are available for only a few normal tissues.
1 "" 127 This is due to the fact that only summary statistics are provided in most published reports, whereas the individual values of the measured quantities are required for modelling. Unfortunately, the relationship between morphometric data and functional covariates such as local pressure and flow is seldom reported. Greater use of data banks for storage and retrieval of individual values of parameters and covariates, and closer collaboration between microcirculationists, engineers, and biostatisticians, would greatly facilitate understanding of normal and abnormal microcirculatory networks.
The pressure-flow relations for hindquarters of SHR and normal rats were compared under conditions of maximum vasodilation. 40 Relative changes in mean internal radius were calculated using the fourth power rule. Results were interpreted to indicate decreased arteriolar distensibility in SHR, due to hypertrophy of vascular smooth muscle. Current network models indicate, however, that resistances of microvessels calculated in this manner may be inaccurate. 12 The number of arterioles, however, was about half normal. Small venules were increased in number and diameter, but the number of large (fourth order) venules was greatly reduced. Lengths of arterioles and venules were normal. Effects of these complex geometric changes on resistance and compliance were not calculated, and other tissues were not examined. Longitudinal studies are required to ascertain whether the changes above are the cause or effect of hypertension. Arteriolar rarefaction has been observed in the conjunctiva of humans with essential hypertension. 129 If comparable changes occur in tissues generally, as much as half the increase in arterial pressure could be due to deletion of parallel paths. Direct observation of microvessels leaves no doubt that vasoconstriction also contributes to the increase in resistance in animals 110 and in man. 
Physiologic and Pharmacologic Characteristics
Johnson and Wayland 1 " have provided a convenient source of information about microcirculatory methods. By use of micromanometers, pressures have been measured in all categories of vessels in several species and tissues in normal animals. 1 * 21 " The spatial and temporal variability of these pressures, however, has not been characterized satisfactorily, and few data are available in hypertension.
13t -
188
Capillary hydrostatic pressure in nailfold was reported to be normal in hypertensive patients. 187 Variability was so large, however, that a physiologically significant difference could not have been detected. This widely quoted study bears repeating with servo-null manometers and improved statistical design. Pressure in human glomerular capillaries may indeed be high, because elevated filtration fraction is an early finding in diastolic hypertension. 188 In accord with that idea, glomerular and post-glomerular pressures were increased in post-salt hypertensive rats.
1 " The pressure drop from aorta to end of efferent arteriole was closely correlated with mean aortic pressure.
Distribution of pressures was studied in cremaster muscle of SHR at a very early stage in the development of hypertension. 188 Pressure was significantly higher than normal in all categories of vessels. The increment (30%) was about the same as the percent increase in aortic pressure. The cremaster may not be representative of postural muscles, and longitudinal studies are lacking, so it is difficult to assess the significance of these results for human disease.
There has been an unfortunate tendency among investigators to ignore relationships among physiological and morphological parameters. For example, pressure-volume relations have not yet been determined on segments of microvessels in situ, although the technology has been available for some time. We therefore do not know how microvascular compliance changes in hypertension. Similarly, pressure has seldom been correlated with local velocity of flow, even in normal animals. No data are available in hypertension, so we are ignorant of how resistance, the most important hemodynamic variable in hypertension, is distributed in various categories of microvessels. Only a few descriptive studies of red cell velocity in cutaneous and conjunctival vessels have been made in man. 181 -18B Advances in technology, 140 and adaptation of in vivo microscopy to the operating room could provide important information in the future.
Many studies of responses of microvessels to vasoactive agents have appeared; a small sample includes studies of Hallback et al., 40 Altura, 141 Messina et al., 142 and Miller and Harris. 148 Unfortunately, the data have not been quantified satisfactorily in terms of local resistances in the networks examined. Systematic quantitative studies of pressure and flow velocity in various orders of microvessels in response to sympathomimetic and sympatholytic agents, prostaglandins, kinins, and angiotensin are necessary for all forms of hypertension.
Capillary Function
Capillary Filtration
The bulk flow of fluid across capillaries depends on the net difference between hydrostatic and oncotic pressure gradients, and the capillary filtration coefficient (C F ). The C F is a measure of the permeability of an individual capillary and the total number of capillaries being perfused. Filtration across capillaries in forearms of hypertensive patients appears to be increased, 1 * 4 and a high rate of disappearance of albumin from the blood 145 -146 suggests abnormal capillary permeability.
Fluid partition between the intra-and extravascular compartments was studied by use of the isogravimetric technique in SHR. 147 The isolated, denervated hindquarters were perfused with an artificial solution at various venous pressures. Results were interpreted as indicating an increase in pre-and postcapillary resistances, increased capillary hydrostatic pressure and a lower C F . In a later study, this same group used the isogravimetric method to study hemodynamics in blood-perfused isolated hindlimbs from dogs with chronic DOCA-NaCl hypertension. 14 * The results were interpreted as indicating increases in both pre-and postcapillary resistances that were not abolished by maximal vasodilation with papaverine, suggesting increases in the structural component of these resistances. Capillary hydrostatic pressure was apparently not elevated, but C F was again significantly reduced.
These isogravimetric techniques should be applied to innervated, blood-perfused tissue in other forms and stages of hypertension to determine whether these changes are characteristics of hypertension in general.
Isogravimetric techniques have, however, been criticized for their lack of physiologic conditions of study. Furthermore, it will be necessary to undertake studies of filtration in single capillaries, to ascertain the contribution of altered permeability to measurements of C F . Several technologies for the measurement of C F in single capillaries are available. 1 "-"'• 15° Studies in normal animals reveal that permeability increases from the arterial to venous end of a capillary, and that small venules contribute significantly to transcapillary fluid shifts. Studies of the structure and composition of the interstitium should also aid in the assessment of capillary permeability.
"
There are no studies of lymphatic function in hypertension. In normal animals, increased lymph flow, decreased lymph protein concentration, and slightly increased protein transport (calculated as flow times concentration) suggest elevated capillary hydrostatic pressure. 151 Increased lymph flow, normal or increased protein concentration, and greatly increased protein transport suggest increased capillary permeability to proteins. Accordingly, measurements of lymph flow and composition could clarify the mechanism of the increased transcapillary filtration rate in hypertensive patients. 1 " Analysis of nonprotein constituents of lymph could help evaluate the structure and composition of the interstitium, and the control of body fluid volumes.
The special features of filtration in the kidney are of particular importance in hypertension. Evidence based on micropuncture of distal tubules in Munich Wistar rats with surface glomeruli indicates that autoregulation of the nephron glomerular filtration rate is impaired in the untouched kidney in rats with twokidney, one clip hypertension. 1 * 3 The mechanism may involve reduced efficiency of a tubuloglomerular feedback loop involving the renin-angiotensin system. Unfortunately, SHR do not possess surface glomeruli. Squirrel monkeys do have surface glomeruli, however, and could be made hypertensive. 1 " Measurements of filtration in single glomeruli would be especially interesting in these primates.
Capillary Diffusion
Respiratory gases, substrates, and metabolites move by diffusion down concentration gradients between capillaries and cells. For a given rate of production or consumption, concentrations in capillaries depend on transit time. The latter is the ratio of path length to the mean volocity of flow. Lengths and velocities in populations of capillaries follow asymmetrical frequency distributions. 153 Consequently, there is wide variability in capillary transit times.
1 " This variability is not taken into account in lumped parameter models of clearance of diffusible substances from blood or tissue.
1 " Transit time heterogeneity may be increased by vasoconstriction, or by structural changes in the micromesh. Disease may also alter capillary permeability and the diffusional resistance of tissue.
Because of these complications and uncertainties, clearance methods are of limited value in the study of capillary density and vasomotor control.
Perhaps the most serious deficiency in our understanding of diffusional exchange is lack of knowledge of geometric variables. Since heterogeneity is the hallmark of microcirculation, frequency distributions arc required. Only two studies of distributions of capillary length are available, both on surface vessels of thin muscles devoid of myoglobin. 153 -15S Even mean capillary length is unknown for human muscles, and no data are available for heart or brain. Transit time is strongly influenced by capillary diameter, because velocity varies as diameter squared. Only two frequency distributions of diameters have been reported, both for myocardium. 1 "- 157 Capillaries taper by about 30% to 40%, 127 so that interpretation of published values of the mean diameter for various tissues is unclear. Diameter and taper may not be the same in long and short capillaries; a relation could strongly influence intracapillary concentration gradients. Such gradients have never been measured for any metabolite; lack of such data is one of the principal limitations of all models of O 2 transport and transcapillary exchange. Techniques by which the O 2 saturation of a single red cell could be determined as it traverses a capillary are being developed, 153 and will allow direct tests of current conceptions of longitudinal O 2 gradients.
Concentration gradients in tissue depend largely on the distances between capillaries actively perfused with blood. This functional intercapillary distance is inversely proportional to the number of perfused capillaries (functional capillary density). In health, only one third to one half of all capillaries present are perfused in heart 158 " 1 ' 1 and skeletal muscle.
1 "-1 " The rest is a reserve, available for adaptation to stress or disease. Recruitment from the skeletal muscle reserve depends on an active control site in terminal arterioles, and on passive, rheologic determinants of red cell entry into capillaries. 1 * 1 Short-term control of coronary capillary recruitment depends almost entirely on O 2 partial pressure. 159 The capillary reserve in myocardium is also modified by normal growth and aging. 160 Recruitment is less effective in defending cardiac tissue PO 2 in the older animal, and this may partially account for loss of exercise tolerance with age. The same handicap would apply for any disease that lengthens diffusion distances, such as the hypertrophy that accompanies hypertension.
Diffusion distances have been measured in rats with ventricular hypertrophy secondary to hypertension induced by salt-loading and nephrectomy. 185 The reserve of diffusion distance decreased progressively, and all animals died within 1 week after the capillary reserve was exhausted. Calculations indicate that anoxia extensive enough to account for failure existed in such hearts. The natural history of pure left ventricular hypertrophy in young humans with subvalvular aortic stenosis is remarkably similar, suggesting that diffusion distance also sets the limit on hypertrophy in man. It is important that physiologic hypertrophy, in contrast to pathologic hypertrophy, is accompanied by growth of new capillaries appropriate to the increase in muscle mass. 19 * The reason capillary growth is not proportional to muscle growth in disease is not known. A humoral factor that promotes capillary growth has been isolated from tumors 1 " and ischemic kidneys. 188 Vigorous attempts should be made to determine whether growth of coronary capillaries is controlled by a similar substance.
Finally, it should be noted that almost everything presently known about the microcirculation is based on studies of two-dimensional structures that can be transilluminated, such as bat wing, mesentery and cremaster muscle. Many of these test objects have low VO 2 , and are unsuitable for study of circulationmetabolism coupling. Furthermore, inferences drawn from two-dimensional structures or surface vessels may not be generally applicable. There is an urgent need for information about the three-dimensional arrangement of capillaries and their relation to preand postcapillary vessels, especially in heart and brain. A promising technical advance is the use of freeze-clamped tissue for statistical modelling, 1 * 4 three-dimensional metabolic studies, 1 " and stereology. 16 " Quantitative morphometry is presently limited by the tedium of data collection, and would be enormously facilitated by the development of automated, computer-assisted systems for length detection and pattern analysis. Such equipment would permit application of modern statistical techniques 1 * 3 ' m to the microcirculation. Furthermore, morphometric data must be correlated with timedependent physiologic variables such as flow velocity, arteriolar and venular diameter, and tissue PO 2 . The most basic tools for these measurements are already at hand. The principal obstacle to progress is lack of trained manpower motivated to apply microcirculatory techniques to hypertension.
Veins General
Veins are capable of active and passive changes in caliber that serve to modulate the filling pressure of the heart by adjusting the central blood volume. Active expulsion of blood from veins is due to contraction of the venous smooth muscle. Passive decreases in caliber result from a decrease in venous distending pressure secondary to constriction of precapillary resistance vessels. The passive behavior of the venous wall is a function of the viscoelastic properties of the various elements in the wall. Venous function also influences total intravascular volume, in that venous resistance sets capillary hydrostatic pressure and, thereby, filtration.
Recent evidence indicates that shifts of body fluid volumes from the peripheral to the central circulation and from intravascular to extravascular spaces occur in hypertension. 170 These shifts imply altered venous function. Thus, interest in the role of veins in the mechanisms of hypertension has greatly increased recently. Because it is most unlikely that abnormalities observed in veins can be attributed to the effects of elevated intravenous pressure, venous changes in hypertension may very well reflect basic disease mechanisms. Evidence that abnormalities in venous structure and function do occur with hypertension is presented below.
Venous Pressure
One group 186 reports elevated venular pressures in cremaster muscle of anesthetized SHR, but jugular and central venous pressures are reported to be normal. 171 ' 17J Normal intravenous pressures have also been reported in experimental renal and DOCA-salt hypertension 44 ' *•• 17J -17S and in essential hypertension in man. 47 Thus, there is very little evidence suggesting that increases in systemic venous pressure occur in uncomplicated clinical or experimental hypertension.
Venous Geometry
A twofold increase in the number of smallest venules (20 n diameter) in cremaster muscle of SHR has been reported." Venous lengths were unchanged, but diameters of small veins were also increased by 25%; larger veins had offsetting decreases in diameter and volume. The effects of these geometric changes on venous capacity were not assessed. Other vascular beds and forms of hypertension have not been similarly studied.
Wall Composition
In several forms of experimental hypertension there are documented increases in venous wall content of water, sodium, and potassium."• 174 In SHR, there is evidence for increases in venous wall mucopolysaccharides and glycoprotein, 171 as well as smooth muscle hypertrophy. 171 ' 17S Venous wall collagen content may be normal 172 or decreased. 17 * Rats with twokidney, one clip hypertension apparently do not develop muscle hypertrophy in portal vein, 178 but onekidney, one clip rats may. 17 " The composition of walls of veins from patients with hypertension has not yet been reported.
The mechanism of these non-pressure-related changes in venous wall composition are not understood and may involve neural, humoral, or genetic influences. In regard to neural mechanisms, sympathetic denervation apparently does not alter the venous hypertrophy reported in SHR, 175 nor does it prevent venous wall "waterlogging" in coarctation hypertension." There is preliminary evidence suggesting that a humoral factor in experimental renal hypertension"'" may be responsible for "waterlogging" of venous (and arterial) walls, perhaps by suppressing the sodium pump of the membrane of the vascular smooth muscle cells. 177 
Venous Compliance
The important reservoir function of veins reflects their high wall compliance. There is now evidence that venous compliance may be decreased in several forms of hypertension. The passive extensibility in vitro of strips of portal veins excised from 5-month-old SHR was observed to be less than that in normotensive control rats; 178 at 60% strain, the elastic modulus of strips from SHR was increased by approximately fivefold. This finding has subsequently been confirmed. 17 * In dogs with early one-kidney, one wrapped hypertension,"-** pressure-volume curves of intact temporarily isolated venous segments in vivo were shifted toward the pressure axis. The change persisted into the later chronic stages of the disease. 180 Calculated compliance was decreased in the femoral and the mesenteric veins but not in the jugular vein. Similar direct measurement of pressure-volume or stress-strain relationships in veins from patients with hypertension have not yet been made. Also, the compliance function of small veins and venules in hypertension must be studied; these are the vessels that contain the largest proportion of the blood volume.
Studies of whole-body venous reservoir function, in vivo, have been made in anesthetized rats with spontaneous or one-or two-kidney, one clip Goldblatt hypertension. Results of back perfusion into the intact vena cava and its tributaries suggested decreased venous capacity. 181 The methods did not allow a more definitive statement about venous compliance, because the anatomic limits and initial volume of the vascular bed studied were not known with certainty. A later study 182 in SHR of mean circulatory filling pressure, blood volume, and whole body venous capacity were interpreted as indicating no abnormality in whole body venous compliance but a decrease in unstressed venous volume.
Three plethysmographic studies in patients with borderline or established essential hypertension were interpreted as indicating decreased venous compliance.
1 "-1M - 188 With regard to mechanisms, the decreased extensibility of portal veins from SHR 178 persisted after pretreatment with a calcium-binding agent (EDTA) to inactivate any smooth muscle contraction. In venous segments removed from perinephritic hypertensive dogs and studied in vitro, decreased venous compliance was observed even after pretreatment with cyanide to relax the venous smooth muscle." In SHR, 181 the abnormal venous pressure-volume relations persisted even after the animals were treated with sodium nitroprusside and killed. In patients with borderline hypertension, 188 the decreases in venous compliance persisted after alpha adrenergic blockade. Together these observations provide strong evidence that decreased venous compliance with hypertension cannot be attributed solely to an increased contractile state of venous smooth muscle. Rather, it appears that structural changes in the veins decrease their compliance. There is evidence that the structural changes do not involve increases in the fibrous composition of the venous wall." 117 * It is possible that venous wall proteoglycans or wall edema may be incriminated. 180 The functional significance of these reductions in venous compliance in hypertension is unclear. In one investigation in established essential hypertension, 1 " no correlation was found between the decreased venous compliance, cardiac output, stroke volume, total peripheral resistance, mean arterial pressure, plasma renin activity, or plasma volume. These relationships, however, have not been studied in patients with borderline hypertension, nor in animals with experimental hypertension. Finally, observations from one laboratory 188 suggest that compliance of the interstitial space may also be decreased in experimental renal hypertension. Possible mechanisms have not been worked out. Decreased interstitial compliance, as well as decreased venous compliance, would tend to increase venous return. There is recent evidence that interstitial compliance is normal in SHR.
1M
Venous Smooth Muscle Function
In addition to decreased extensibility, portal vein from SHR has been observed in vitro to have increased spontaneous phasic contractions, lowered threshold for responses to certain contractile agonists, and greater maximal contractile tensions to agonists.
176 -178 - 179 The increased spontaneous activity and maximum contractile force, but not the increased sensitivity, may be shared by portal vein from rats with two-kidney, one clip hypertension. 175 In rabbits with coarctation hypertension, 187 increased sensitivity of veins to nerve stimulation and exogenous norepinephrine has also been reported. In the one reported study of hypertensive patients, 188 responses of the forearm veins to catecholamines were normal. Venous contractile responses have not been studied in other forms of hypertension, but the findings in experimental hypertension reported above constitute strong evidence for the existence of a functional abnormality in muscle cells of veins, as well as in arteries, in certain forms of hypertension. 18 creases in venous resistance and capillary hydrostatic pressure reported in these particular studies fit in well with reports suggesting altered capillary filtration and shifts of fluid volume from the intravascular to the interstitial space. 170 In interpreting these results, however, it must be noted that venous pressure is artificially set and that venous pressure and resistance are interrelated.
Antihypertensive Therapy
The effects of antihypertensive therapy on venous structure and function are virtually unknown. Adrenergic and ganglionic blocking agents are believed to reduce venous muscle contractile activity, but well-controlled studies using direct measurements of venous function have not been made. In dogs with perinephritic hypertension, acute treatment with guanethidine, diazoxide, or propranolol did not affect the reduced venous compliance,** but the effects of long-term treatment are unknown. Venous effects of antihypertensive drugs should be assessed, preferably using direct measurements. Attempts should be made to develop antihypertensive drugs that specifically increase venous compliance.
Regional Circulations Coronary Circulation Normal
The most important mechanical factor influencing the coronary circulation is extravascular compression. Even at normal arterial pressures, the force generated within the wall of the left ventricle in the early stages of systole completely obstructs blood flow in some coronary arteries. It is also noteworthy that, relative to its metabolic rate, the heart is the most underperfused organ in the body. Thus, oxygen extracted by the myocardium from each unit of perfusing blood is near maximal, and increased myocardial oxygen consumption must be met by increased coronary blood flow. In fact, coronary blood flow is normally precisely regulated as a function of myocardial oxygen partial pressure (PO,), probably via the release of vasodilator metabolites, such as adenosine.
This balance between extravascular compression and concentrations of vasodilator metabolites regulates intramyocardial blood flow distribution. There is evidence that, despite a pressure gradient from endocardium to epicardium, the ratio of endocardial to epicardial flow (expressed on a per weight basis) is about one, an equality of flow most likely related to active vasodilation of endocardial vessels by metabolic factors generated by the increased endocardial pressure work. This active vasodilation of endocardial vessels, however, means that, even in normal animals, the vasodilator reserve of these vessels is probably reduced.
Hypertension
The heart is a major target of the hypertensive process. Not only is cardiac work increased, but coronary atherosclerosis and increased diffusion distances impair nutrient delivery to the hypertrophied myocardium.
With higher intraventricular pressures, extravascular compression of the coronary arteries increases. This is countered by elevated coronary perfusion pressures and also by active vasodilation produced by the work-increased myocardial concentrations of metabolites. The net result is that, in early stages of hypertension, coronary blood flow per unit weight of myocardium may be increased. 1 " Later, in established phases of hypertension, presumably after myocardial hypertrophy occurs, coronary blood flow is within normal limits when expressed on a per unit heart weight basis. This is true in patients with essential hypertension, 113 ' 1M dogs with chronic perinephritic hypertension, 114 and rats with spontaneous 1Mi 19t or chronic renal hypertension. " Thus, in established phases of hypertension, coronary vascular resistance, expressed on a myocardial weight basis, is elevated to the same extent as is total peripheral resistance.
Coronary flow and resistance must be interpreted on the basis of nutrient transport. Myocardial oxygen consumption on a per gram weight basis is reported within normal limits in patients with essential hypertension 111 -1M and in dogs with perinephritic hypertension. 114 Regulation of coronary blood flow during hypertension is a puzzling question, since the normal levels of coronary blood flow indicate that increased myocardial metabolism does not result in an overall decrease of coronary resistance. A related question pertains to the status of coronary vasodilator reserve in hypertension. In experimental renal hypertension of mild to moderate severity in dogs, the coronary bed is able to dilate in response to adenosine. 1 "* However, the ability of the coronary vessels to dilate in severe and prolonged hypertension is not known. Furthermore, there have been no longitudinal studies of coronary blood flow in hypertension. Nor are there studies of the responses of coronary vessels to neurohumoral and pharmacologic agents, studies of myocardial PO 2 levels, or myocardial adenine nucleotide metabolism in hypertension. It is important that investigations be addressed to these questions and to the status of coronary autoregulation in hypertension. Because of the critical status of the coronary circulation in hypertension, longitudinal studies should be made of coronary blood flow.
In hypertensive animals, studies of coronary vascular responses should include a mapping of coronary effects of cardiac sympathetic stimulation and assessment of traffic in these nerves. Measurements of coronary blood flow should be correlated with coronary oxygen extraction and myocardial PO 2 levels. The status of adenine nucleotide metabolism in hypertensive hearts needs special investigation. Develop-ment of additional adenosine analogs and inhibition of various products of adenosine metabolism could potentially be useful for treatment of patients with cardiac dysfunction related to hypertension.
Distribution of blood flow within the myocardium may be altered by changes in aortic pressure. It must be noted, however, that available data are based on studies in which aortic pressure was acutely changed; data from similar studies in chronic hypertension are not available. There is microsphere evidence that, in acute aortic hypertension produced by a pumpperfusion system connected to the thoracic aorta of dogs, blood flow per unit weight of endocardial muscle is the same as that per unit weight of epicardial muscle.
1 " This equality of endocardial and epicardial flows may have been due in part to the greater vascularity of the endocardium, for endocardialepicardial flow ratios were also unchanged when the vessels were perfused in the maximally dilated state. 200 There is microsphere evidence that this endocardial-epicardial blood flow ratio falls when diastolic perfusion pressure is reduced at a time when intraventricular pressure is either normal or elevated; that finding is reported in cases of supravalvular stenosis due to aortic constriction. 101 There is also evidence that similar decreases in the endocardial-epicardial flow ratio occur with other interventions that are associated with reduction in diastolic pressure or duration. Thus, it appears that endocardial perfusion is particularly susceptible to abnormalities in the cardiac hemodynamic state. It is likely that this mechanism may operate in hypertension. Therefore, measurements of intramyocardial blood flow distribution should be made in chronic hypertension and, indeed, are necessary to evaluate myocardial cellular nourishment and function.
In the hypertrophied heart in hypertension, the ratio of fiber volume to capillary is critical in determining fiber nutrition. Wearn and colleagues 201 ' 2M studied the effect of hypertrophy on that ratio in human hearts and hearts of rabbits subjected to pulmonic stenosis and aortic insufficiency. In normal adults, the ratio was approximately 1:1. With hypertrophy, either induced in animals or in human subjects who died from complications of hypertension, the diameter of the myocardial fibers was greatly enlarged, whereas the ratio remained the same. Even in some studies of prolonged hypertension 204 that suggest that coronary vascular hyperplasia may occur, the ratio of capillary surface to fiber volume is reduced. Thus, as myocardial fibers enlarge in hypertension, diffusion distances between capillaries and fiber centers greatly increase, presumably leading to inadequate oxygen and nutrient supply and, eventually, cardiac failure. This subject has been discussed above under "Capillary Diffusion."
Clearly, further study of coronary vascular hyperplasia in hypertension is indicated. It will be critical to investigate the mechanisms that control myocardial capillary growth and to explore possible therapeutic uses of such capillary growth factors as are found in tumor tissue. Antihypertensive therapy is believed to reverse myocardial hypertrophy and thereby presumably improve myocardial nutrition in hypertension. This remains to be demonstrated, however. In fact, relatively little is known about the effects of the commonly used antihypertensive agents or nitrites on the coronary vessels and myocardial PO,. Finally, we should also investigate the possibility that coronary spasm is greater in hypertensive patients than in normotensive patients with equivalent degrees of atherosclerosis.
Renal Circulation
Normal
The rate of renal water and electrolyte excretion is a function of the level of arterial blood pressure. The consequence of this relationship is that the kidney assumes a central role in the long-term regulation of arterial blood pressure. 208 This relationship is influenced by a variety of neurohumoral factors, both intrinsic and extrinsic to the kidney. Intrinsic factors include potent vasoactive agents (for example, the renin-angiotensin system, prostaglandins, and kinins). Extrinsic stimuli include circulating catecholamines, antidiuretic hormone, aldosterone, and sympathetic nerve activity.
Hypertension
Three types of renal dysfunction may influence the relationship between arterial pressure and urinary output in such a way as to lead to hypertension: 1) increased renal vascular resistance; 2) decreased glomerular filtration rate (GFR); and 3) increased tubular sodium reabsorption. These dysfunctions alter the glomerulotubular balance of salt and water; this shift in balance has been incriminated in the development of hypertension. 108 Goldblatt et al. 107 first showed that alterations in renal hemodynamics can initiate hypertension. Their observations led to a strong investigative effort to link abnormalities in the renal circulation to all forms of hypertension. In many diseases of the kidney accompanied by hypertension, there is evidence for such a link. 208 Even in these renal diseases, however, considerable work is still needed to define the intrarenal mechanism causing the elevated arterial pressure.
In patients with "essential" hypertension, the linkage between renal dysfunction and hypertension is considerably less clear. It has long been suggested that a primary kidney defect may be the cause of "essential" hypertension. Structural vascular changes in the form of microvascular disease are usually demonstrable in the kidneys in essential hypertension. However, biopsies from some patients with established hypertension may show normal histology or only minor changes suggestive of arteriolar spasm. 209 " 2 " Furthermore, it is unclear whether any morphologic and functional changes observed are primary or secondary to the elevated pressure, even in the early stages of hypertension. In two separate studies involving sequential measurement of renal blood flow in the same kidney, patients with benign essential hypertension had a twoto threefold larger variability in renal blood flow than normal subjects. 21 * 12U Furthermore, a lesser dose of intrarenally-infused angiotensin II was required to elicit a threshold renal blood flow response in patients with benign hypertension, and the dose-response curve was steepened; 211 the lowering of threshold suggests functional changes in the renal vascular smooth muscle. Such functional changes in the vascular smooth muscle of the kidneys may contribute to the enhanced renal vascular responsiveness to emotion and exercise found in some patients with essential hypertension. 216 " 217 Average resting renal blood flow has been found to be reduced in many patients with benign essential hypertension in the presence of normal or slightly reduced GFR. 138 ' 2 1 ' w o On the other hand, renal flow has been found to be increased in some patients who are young and have mild essential hypertension of recent onset;
221 " 3 this may represent a transient early phase of essential hypertension. There is also evidence for an increased renal plasma flow in young normotensive subjects in which both parents were hypertensive, suggesting a genetic alteration of renal function or structure 224 that may presage the later development of essential hypertension. Longitudinal studies of the offspring of essential hypertensive patients would be of considerable interest.
Renal blood flow and glomerular filtration rate fall progressively with increasing severity of hypertension. -J>0 There is evidence to support the view that predominant afferent arteriolar vasoconstriction is the characteristic feature of established essential hypertension. 220229 However, an increased filtration fraction in subjects with well-established hypertension has been felt to be evidence for a co-existing increase in efferent arteriolar resistance. 138 Longitudinal studies will be required to determine how rapidly the pattern of renal flow and function is modified in hypertensives and whether these changes are reversible with therapy.
Attempts have been made to measure blood flow distribution within the kidney in hypertension. The most consistent findings have been obtained with the 133 Xenon washout technique. Seven separate studies of patients with essential hypertension indicate that the rapid washout phase, believed to represent cortical blood flow, is consistently reduced, in conjunction with decreases in total renal flow. 222 ' 231 " 7 Implications of this finding are still unclear. Renal hemodynamics and function have also been studied in experimental animals with genetic forms of hypertension. Comparison of control strain WistarKyoto rats (WKY) to SHR showed that the mean filtration fraction was greater in conscious 13-weekold SHR, while no differences could be detected in fractional and absolute excretion of sodium and water, glomerular filtration rate, or renal plasma flow. 238 In SHR, an increased renal resistance to flow was localized almost entirely to the pre-glomerular vessels, the vascular segments responsible for autoregulation of renal blood flow.* 38 " 241 Yet in SHR, autoregulation of renal blood flow and glomerular filtration rate was as efficient as in WKY.1 38-1401 2<2 Normal hydrostatic pressures were found in the glomerular capillaries and peritubular capillary vessels of SHR. 240 These studies support the hypothesis that the increased renal vascular resistance in young SHR is at least in part the result of a normal autoregulatory response of vascular smooth muscle to elevated arterial pressure that serves to maintain renal flow constant. In contrast, in older SHR, studied at the age of 3 to 4 months, an elevated pre/post-glomerular capillary resistance ratio appears to become structurally fixed, perhaps as a result of adaptive medial wall thickening. The presence of such structural changes was suggested by studying maximally vasodilated, non-autoregulating, nonfiltering kidneys of SHR, in which renal tissue pressure did not increase with arterial pressure.
243
" 24 8 For equal arterial pressures, the glomerular capillary pressure was found to be 25-30 mm Hg lower in the adult SHR than in normotensive controls, indicating a fixed elevation of pre-glomerular resistance.
Extrinsic stimuli may be involved in these changes in renal blood flow, resistance, and function in hypertensives. Evidence of enhanced renal sympathetic activity has been reported in patients with benign essential hypertension;
113 alpha-adrenergic blockade with phentolamine had no effect on renal blood flow in normotensive subjects but increased renal flow in six of nine patients with essential hypertension. However, renal vascular responsiveness to intravenous norepinephrine and epinephrine infusions has been reported to be normal in patients with essential hypertension. * * '• "• Animal models of hypertension have provided further evidence that changes in the renal circulation in hypertension need not be primary but may be evoked by a variety of extrinsic neurohumoral factors. In dogs it has recently been demonstrated that longterm infusion of norepinephrine directly into the renal artery, at doses producing no systemic effect, results in sustained hypertension. 24 * 1 "° Elevated levels of renal catecholamines may sensitize the renal vasculature to increases in sodium intake; renal resistance increased in direct proportion to the amount of daily sodium intake. 250 There is also evidence to suggest abnormal sympathetic neural influences on the kidney in experimental hypertension. In SHR, direct splanchnic nerve recordings indicated that sympathetic activity to the kidney may be elevated fivefold," 1 far more than activity to other vascular beds. Also, stimulation of the posterior hypothalamus of SHR resulted in greater increases in splanchnic nerve activity than that in control rats. 282 Recently, renal denervation has been shown to delay the onset of hypertension in the spontaneously hypertensive rat and DOCA-induced hypertension."* 1 lM Thus, a variety of intrinsic and extrinsic factors may alter renal glomerulotubular balance and thereby initiate the hypertensive process. Because of this complexity, it is unlikely that study of renal vascular morphology, blood flow, pressure, or resistance alone will reveal the mechanism of hypertension; the effects of altered renal function on the relationship between renal excretion and arterial pressure must be simultaneously explored in detail.
Considerable insight regarding the state of renal function has been obtained in the past several years by studying this relationship between arterial pressure and urinary excretion. For example, one group of investigators removed both kidneys from hypertensive rabbits 3 to 6 weeks after a single renal artery was clipped. A change in the functional ability of both kidneys to excrete sodium and water over a wide range of pressures was demonstrated.
1 " At normal arterial pressure, the discrepancy between salt and water excretion was not nearly as apparent as that seen at high levels of renal perfusion. In a similar series of experiments,"* it was found that kidneys from Dahl saltsensitive rats had to be perfused at hypertensive levels of arterial pressure before they excreted amounts of salt and water excreted by control rats at normal pressures. These findings suggest a "resetting" of the relationship between arterial pressure and excretion in the kidneys of hypertensive rats. In this regard, it is most significant that all strains of genetically hypertensive rats studied appear to have this impaired ability to excrete sodium and water. 24 "-"'• "* It would be of great interest to conduct such studies longitudinally in an attempt to determine at what point, in the course of hypertension, these functional changes appear.
Two separate laboratories have reported that control rats become hypertensive when kidneys of genetically hypertensive rats are transplanted to them. Conversely, hypertensive rats receiving kidneys from normotensive control rats become normotensive. 2 **' "°W hen Dahl's strain of salt-sensitive rats receive normal salt intake, mild nonuniform local constriction of the renal afferent arterioles precedes hypertension. 281 When these rats are given additional salt, focal narrowing of the afferent arterioles increases and a fixed state of hypertension develops. However, the precise mechanism for the impaired renal function in genetic hypertension remains to be clarified, and may differ among strains. For example, during isotonic volume expansion, fluid reabsorption by the proximal convoluted tubule, loop of Henle, distal convoluted tubule, and collecting duct were similar in 12-week-old SHR and WKY control rats." 7 -" 2 One group of investigators found a diminished fluid reabsorption by the loop of Henle. 2 * 8 Others have reported that the Milan strain of genetically hypertensive rats exhibit a greater absolute reabsorption by the proximal convoluted tubule and greater fluid delivery to the loop of Henle than normotensive controls. 2 ** The chronic, steady-state relationship between pressure and excretion has also been studied in various forms of hypertension in rats and dogs 2 "-2 ** and in normal human subjects."* In these studies, the arterial pressure level at which salt and water intake comes into balance with salt and water loss was determined over a wide range of salt and water intakes. Each arterial pressure level represented the steady-state pressure obtained after 3 to 4 'days at each of a wide range of salt and water intakes. These studies have demonstrated that the relationship between salt and water intake and arterial pressure is altered by a variety of neurohumoral factors.
It is axiomatic that in all forms of hypertension a balance between salt intake and excretion is achieved at an elevated level of arterial pressure. However, it has been demonstrated that with some models of experimental hypertension, such as one-kidney, one clip Goldblatt hypertension, and the spontaneously hypertensive rat, excess sodium loads can be eliminated with only slight increments of arterial pressure. 21 " In other forms, such as chronic intrarenal infusion of norepinephrine" 0 and excess aldosterone administration in dogs, 2 * 8 a moderate rise of arterial pressure is required to excrete excess salt and water. In some forms of experimental hypertension, the renal excretory ability is dramatically depressed. Thus, a chronic balance between intake and excretion may be achieved only through a large increase in the renal perfusion pressure. Examples of such "salt-sensitive" hypertensions are angiotensin II-induced hypertension and severe reductions of functional renal mass.** 1 *"• ** Conversely, chronic administration of the angiotensin converting enzyme inhibitor, SQ 14,225, enables renal excretion of large amounts of daily sodium even at hypotensive levels of arterial pressure. 6 ' 2M Such studies may permit detection at an early stage of the existence of basic renal defects leading to hypertension and identify underlying mechanisms. It may be of potentially great importance to assess the influence of various environmental factors on renal function, such as nonspecific stress, dietary factors, and industrial pollutants.
Cerebral Circulation
Normal
The major determinants of cerebral blood flow are cerebral metabolism, blood and tissue gases, and autoregulation. Cerebral metabolism and blood flow are coupled closely. 270 "" 2 Cerebral vessels are very responsive to changes in carbon dioxide and hydrogen ion. 270 Several other stimuli that affect flow and may play an important role in cerebral autoregulation are oxygen, 273 2 "' * ** Large arteries (as well as arterioles) appear to play an important role in regulation of cerebral blood flow.
2 "'2 M Extra-and intraparenchymal cerebral vessels may function differently." 7 ' *" Thus, one must be cautious in extrapolating observations in vessel segments to the overall cerebral vasculature.
*8
No entirely adequate method is available for measurement of cerebral blood flow, and it is clear that this deficiency is hindering study of the cerebral circulation. Further study of the normal mechanisms that control cerebral circulation will be necessary to clarify the primary and secondary role of the cerebral circulation in hypertension.
Hypertension
There have been relatively few investigations of the cerebral circulation in experimental animals or humans with chronic hypertension. In humans, cerebral blood flow remains normal in patients with established essential hypertension or toxemia of pregnancy. 28 8 In experimental animals, cerebral blood flow in SHR 188 and in renal hypertensive baboons 2 * 0 is normal. In contrast, cerebral blood flow has been reported decreased in stroke-prone SHR and in renal hypertensive rats. 281 Both the lower and upper limits of cerebral autoregulation appear to be shifted to a higher level in hypertensive baboons 280 ' *" and patients. 2 " One study 283 suggests that prolonged antihypertensive treatment may shift the lower limits of cerebral autoregulation toward normal.
There is limited information concerning cerebral vascular responses to carbon dioxide in patients with chronic hypertension 294 -285 and in stroke-prone SHR. 281 Studies in rats suggest that cerebral vasodilator responses to carbon dioxide are impaired during chronic hypertension. Indirect evidence, obtained by estimating disruption of the blood-brain barrier during seizures and amphetamines, 28 * also suggests that maximal cerebral vasodilator responses are impaired in SHR. Whether this apparent impairment represents a structural or functional vascular abnormality should be investigated.
Mechanisms of hypertensive encephalopathy have been explored in animals with acute hypertension. Acute elevation of mean arterial pressure above approximately 160 mm Hg produces an increase in cerebral blood flow, or "break-through of autoregulation." 297 -2 8 * It has been suggested that hypertensive encephalopathy is produced by hyper-perfusion and disruption of the blood-brain barrier 298 ' s 0° rather than from vasoconstriction and ischemia. ' *"• *°* It is possible that episodes of acute hypertension, by altering permeability of the barrier, may induce cerebral dysfunction, and contribute to development of chronic hypertension; this hypothesis needs investigation.
Finally, the cerebral circulation is certainly involved in the vascular damage produced by hypertensive disease. Additionally, it may play a primary role in disease processes in hypertension. Several important areas for future study in various forms and stages of hypertension are: 1) examination of dilator and constrictor capacity of cerebral vessels; 2) evaluation of structural and functional components of elevated cerebral vascular resistance; 3) examination of distribution of cerebral flow; 4) studies of cerebral microcirculation; and 5) effects of antihypertensive drugs.
Splanchnic Circulation
Normal
The splanchnic organs receive 20% to 30% of the cardiac output and contain 20% of the total blood volume, large proportions that are known to change rapidly and greatly with stress caused by, for example, posture, exercise, or hemorrhage. The hepatic portion of the splanchnic circulation has metabolic buffering functions involving substances implicated in hypertension such as aldosterone and other steroids; decrease in hepatic blood flow impairs these metabolic functions.
There is a paucity of studies of the splanchnic circulation in man, because of the relative inaccessibility of this circulation and its anatomic and physiologic complexity. Furthermore, splanchnic vascular pathophysiology is known to vary in different species, e.g., in endotoxin shock, so the problem of indentification of proper animal models of hypertension is magnified in studies of this circulation.
In analyzing the splanchnic circulation, measurement of blood flow presents the greatest source of difficulties, perhaps more so than for most other regional circulations. Difficulties in measurement, in fact, may account for some of the discrepancies in splanchnic flows reported in hypertensives and discussed below. Direct methods used in experimental animals have involved considerable surgical and anesthetic trauma, potentially interfering with flow. Chronically implanted electromagnetic or ultrasound flowmetry is only beginning to be applied to the study of the splanchnic circulation in conscious unrestrained animals. Microsphere technology, which is also promising, is being increasingly used, even in very small animals.
In man, indirect methods based on dye clearance have been used. There are several disadvantages to this technique, although it is the best available at present. For example, flow is measured in resting, reclining subjects rather than during activity. Also, measurements by this method are of total splanchnic flow rather than of its components. Clearly, we need new and better techniques for measurement of splanchnic blood flow, especially in man. 314 ' S18 SHR with disease of 2 to 8 months' duration also indicate normal to decreased total splanchnic flow and elevated resistance. Liver flow (hepatic arterial) may be elevated.' 14 There is always the question of proper controls for SHR, however, especially because body and organ weights differ among strains, and flow is expressed in terms of weight. The splanchnic circulation has not been studied in other forms of genetic hypertension in rats.
One study in man of renovascular hypertension, not proven by surgery, indicated decreased total splanchnic blood flow with disproportionately high splanchnic resistance compared to total peripheral resistance.' 11 The authors suggested that decreased hepatic blood flow may impair steroid metabolism, contributing to the hypertension.
In rats with either one-or two-kidney, one clip chronic renal hypertension, 1 "' 1B7> 314S1 " hepatosplanchnic blood flow is reported as decreased, normal, or elevated. There are even discrepancies between studies using microspheres to measure flow in unanesthetized rats.' 14 -S18 Differences in duration of hypertension or methodology may account for these discrepancies. In anesthetized dogs with acute or chronic stages of one-kidney, one wrapped Page hypertension, gut blood flow is reported elevated. These studies, in man and animals, again provide evidence that splanchnic hemodynamics differ in species, forms, and stages of renal hypertension.
In other forms of hypertension, one study 814 reported that the proportion of cardiac output perfusing the hepatosplanchnic bed is decreased in DOCA-salt hypertension in rats; cardiac output was not measured. In animals with neurogenic hypertension (avoidance conditioning or sinoaortic denervation),' 18 "' 10 liver blood flow is reported elevated or normal, and gut flow as normal or decreased. Again, the data are difficult to assess because of differences in models and methodology. Adequate data regarding other forms of experimental hypertension are not yet available.
Other than the one study in perinephritic hypertensive dogs, 46 ''" there are no longitudinal investigations of splanchnic hemodynamics with hypertension. There are also no investigations of the intraorgan distribution of blood flow in the splanchnic circulation in hypertension.
Muscle and Skin Circulations
Normal
Skeletal muscle and skin vasculature have important roles in the regulation of the circulation. Both beds are importantly involved in compensatory adjustments to a variety of hemodynamic stresses, especially exercise and temperature.
The literature concerning the circulations in the skin and skeletal muscle is vast, partially because of the ready accessibility of these circulations for study in man and animals, but also because of their importance to the cardiovascular system. Skeletal muscle constitutes approximately 40% of the total body weight of man, and muscle blood flow with strenuous exercise may reach 30 liters/min, by far the greatest proportion of the cardiac output. Blood flow through the skin in man ranges widely, from 20 ml/min in the cold to 8 liters/min during maximum heating. Thus, large percentages of the cardiac output may be shunted to and from these vascular beds under certain conditions.
Hypertension
There have been many investigations of blood flow in the extremities of hypertensive patients studied at rest."' 70 ' ""• a31 " 4 Most of the patients presumably had established essential hypertension, but the diagnosis was indefinite in most studies. Plethysmographic or indicator-dilution techniques were used. With one exception, 114 the investigators reported normal forearm (or forearm and hand) blood flow in their groups of patients. Thus, limb resistance is apparently elevated to the same extent as is total peripheral resistance in established essential hypertension.
The separate contributions of muscle and skin circulations to total extremity blood flow were assessed by Brod and his coinvestigators.
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* Again, the patients were studied at rest. In mild, uncomplicated essential hypertension, these investigators found evidence of increased cutaneous resistance, but there was vasodilation in skeletal muscle. In later, more established phases of essential hypertension, there is evidence that resistance also increases in muscle vascular beds.'
28 If one considers the relative importance of muscle blood flow in the determination of total peripheral resistance, the results of these studies appear to correlate well with the increases in cardiac output reported in mild or borderline hypertension and its return to normal levels in established stages of hypertension. (See report of Subgroup on Systemic Hemodynamics, Hypertension Task Force, DHEW Publication No.
[NIH] 79-1625.) However, the studies in early hypertension need confirmation. Similar studies should be made in active rather than resting supine patients, and patients should be classified by neurohormonal state, blood volume, and cardiac output. There is evidence that muscle and skin hemodynamics may be the same in patients with renovascular hypertension as in patients with mild essential hypertension, i.e., elevated skin resistance but normal levels of muscle resistance, with increases in the skeletal muscle fraction of cardiac output.
32 ' These abnormal regional hemodynamics disappeared after corrective renal vascular surgery in one patient. These studies of renovascular hypertension in man require confirmation.
In contrast, in patients with hypertension associated with renal parenchymal disease, Brod's group 927 found normal fractional blood flows in both muscle and skin. Of course, these patients constitute a heterogenous group and differences in subgroups may have been obscured.
Muscle and skin circulations have not been studied in other forms of hypertension in man.
There have been numerous studies of these circulations in animals with experimental hypertension. Blood flow per gram of skeletal muscle in unanesthetized SHR 4 to 6 months old, measured by microsphere distribution, is reported equal to 198 
'
318 or greater than 314 that in normotensive control rats. Skeletal muscle resistance is reported unchanged. 316 Skin blood flow in unanesthetized SHR is reported unchanged, 314 ' 318 with no significant elevation in skin vascular resistance. The authors 318 suggest that the unchanged skin blood flow in SHR, which contrasts to the decreases they found in renal hypertensive rats (see below), may be attributable to the need for increased heat dissipation resulting from elevated oxygen consumption in SHR. Overall, it appears from data from several laboratories 1 
-"*• ^ that skeletal muscle and skin blood flows and resistances remain fairly normal in rats with genetic hypertension over the age range of 2 to 10 months; this may represent a significant difference in hemodynamics compared to man with essential hypertension.
In chronic one-kidney, one clip Goldblatt hypertensive rats, under anesthesia, fractional flow per gram of skeletal muscle (but not skin) was significantly reduced, 197 suggesting a disproportionately high resistance in skeletal muscle. However, in one microsphere study in conscious renal hypertensive rats, 314 fractional flow per gram of skeletal muscle was elevated, while that to skin remained unchanged. In anesthetized rats with chronic renal hypertension induced by bilateral clamping of the renal arteries or by one-kidney, one wrapped perinephritis, a reduction was found, at both 5 and 10 weeks, in the percentage of cardiac output to skin, but not to muscle. 1 * 3 These results were confirmed in conscious hypertensive rats with bilateral renal artery constriction; skin resistance was disproportionately high, but muscle resistance was not significantly altered. 315 Thus, in these rats, and others 328 ' I2 * with renovascular hypertension, the state of the skeletal muscle circulation appears to be similar to that reported for patients with renovascular hypertension.
In anesthetized dogs in the early stages (less than 4 weeks) of one-and two-kidney, one wrapped perinephritic hypertension, skin and skeletal muscle blood flows were measured directly and separately. 4 * As compared to values in controls having sham operations, flows were unchanged and resistances were elevated. The hemodynamics remained unchanged into the chronic stages of one-kidney, one wrapped hypertension. 44 There was no evidence for elevated skeletal muscle blood flow at any stage.
The hemodynamics of neurogenic hypertension in animals appear to be complex. In rabbits with neurogenic hypertension from sinoaortic denervation, 318 the skeletal muscle and skin fractions of cardiac output, measured by rubidium distribution, varied depending on whether the animal had high cardiac output or high total peripheral resistance (TPR) and whether the hypertension was acute (1 to 40 hours) or chronic (over 40 hours) in duration. During the entire period of hypertension, hindleg skeletal muscle blood flow was significantly elevated in hypertensive animals with high cardiac output, but not in rabbits with high TPR. Muscle resistance was elevated in animals with high TPR and decreased in the rabbits with high cardiac output. Skin blood flow was elevated by 70% in the group with chronic disease and high cardiac output, but unchanged in other groups; skin resistance was not significantly changed in any group. In another study of sinoaortic denervation hypertension, 320 where flow was determined by thermodilution, skeletal muscle and cutaneous blood flows were normal during the first week of hypertension. Flow studies in later phases were not reported. In monkeys with operant conditioning hypertension, skeletal muscle blood flows were elevated during the first 4 hours but became significantly reduced by 72 hours. 330 The rise in TPR, which first became significant at 72 hours, correlated with the progressive vasoconstriction in skeletal muscle, which comprised 43% of the animals' weight. Skin blood flows were significantly reduced over the first 24 hours, but then returned toward normal levels by 72 hours.
Other than in the study described above, measurements are lacking of skin and muscle blood flow and resistance in primates with various forms of experimental hypertension. Such studies are indicated because they may help to explain differences reported to exist in the state of these circulations between other animal models and man.
It is of particular interest to note that, in essential and renovascular hypertension in man and in neurogenic, and possibly renovascular, hypertension in animals, changes in TPR and skeletal muscle resistance seem closely correlated, suggesting that the skeletal muscle vascular bed is of particular importance in setting TPR in hypertension. Thus, further studies of the hemodynamics of this particular bed in hypertension seem especially indicated. Longitudinal measurements should be made, as well as an assessment of the status of control mechanisms for these circulations in hypertension. It will be particularly important to test the responses of the muscle and skin beds in hypertension to exercise and temperature stress.
Uterine Circulation
Normal Pregnancy
The state of the uteroplacental circulation in normal and hypertensive pregnancy has been reviewed recently." 1 Only major points will be summarized here. In late normal pregnancy, blood flow in the uteroplacental circulation is 30 to 40 times higher than that of the nonpregnant uterus."* 1 •** Thus, the uterus normally has tremendous ability to adapt to the physiologic demands of pregnancy by decreasing vascular resistance. It has been suggested that this is accomplished by major restructuring of the intramyometrial arteries, with great attenuation of their musculoelastic structural components, resulting in decreased resistance and reduced responsiveness to vasoconstrictor stimuli.'" However, vascular resistance of the pregnant uterus may fall strikingly even in species like the ungulates, where no erosion of the maternal uterine vessels occurs." 8 Thus, hormonal effects may account at least in part for the vasodilation and increased vascularity."* Controversy surrounds the question of autoregulation of blood flow in the uteroplacental circulation. Current evidence 837 seems to support the view that some autoregulation of blood flow occurs. The efficiency of the system requires evaluation, however.
The uteroplacental tissue is a major source of reninlike activity, which apparently is not under the same homeostatic controls as is renal renin." 7 It is possible that uteroplacental renin contributes to the elevated plasma renin activity and aldosterone level that characterize normal pregnancy. Uteroplacental tissues also produce large amounts of vasodilator prostaglandins of the E series, which elevate systemic levels."
731 ' Elevated levels of angiotensin II apparently stimulate production of prostaglandin, thereby increasing uterine blood flow. 33 *
Hypertension in Pregnancy
In pregnancy, 7% to 10% of the women have high blood pressure." 1 In the following discussion, the various forms of hypertension found in pregnancy (toxemia, essential, etc.) are not differentiated.
Pregnancy complicated by hypertension is characterized by lower levels of uteroplacental blood flow than those found in normal pregnancy. 340 The same situation has been found, at least transiently, in experimental renal hypertension in pregnant sheep. 341 In pregnant experimental animals, acute uterine ischemia raises blood pressures, 343 suggesting that these lower levels of uteroplacental blood flow play a role in the development or increase of hypertension. Chronic uterine ischemia in pregnant dogs or sheep apparently is not always accompanied by hypertension, 343 but promising new methods for producing chronic uterine ischemia associated with hypertension in rabbits, dogs, and primates have recently been reported. 344 The investigators are correlating histological and immunofluorescent studies of kidney and placenta, and activity of the renin-angiotensin system, with the evoked hypertension. Further development of reliable methods for production of chronic uterine ischemia in pregnant experimental animals would be most helpful in investigating disease mechanisms.
In hypertensive pregnancy in humans, there is evidence of incomplete restructuring of the intramyometrial vessels, so that a portion of the musculoelastic structure remains intact and responsive to vasoconstrictor stimuli. 334 Also, in hypertensive pregnancy, the uteroplacental arteries often show a remarkable severity and extent of hyperplastic arteriosclerosis complicated by acute atherosis; an inappropriate immune response may be involved in the pathogenesis of this arteriopathy."
4 These abnormalities may contribute to abnormal uteroplacental vascular resistance in hypertensive pregnancy.
Alternatively, it has been suggested that defective uteroplacental production of vasodilator prostaglandins in response to angiotensin accounts for the lower blood flow in hypertensive pregnancy. 348 According to one study, indomethacin treatment decreases uterine blood flow significantly in pregnancy (rabbits) and also raises arterial blood pressure." 7 Circulating levels of E and A prostaglandins in hypertensive pregnancy have not been reported; difficulties accompany such measurements. Furthermore, local intrauterine, rather than systemic, prostaglandin activity may be important to the uteroplacental circulation.
Many hypotheses have been advanced to relate uteroplacental ischemia with systemic hypertension. One suggestion is that placental injury from ischemia, or other causes, could result in the release of thromboplastin, causing disseminated intravascular coagulation, glomerular fibrin deposition, renal fluid retention, and thereby, hypertension.' 4 * It has been difficult to incriminate the renin-angiotensin system in the development of the hypertension because plasma renin activity is often lower than in normal pregnancy. 147 However, uterine ischemia is associated with release of angiotensin-Iike substances into the uterine vein, 34 * and increased plasma renin activity has been found in uterine venous blood of pregnant women with hypertension.
34 '-380 The role of autoregulation of blood flow in the pregnant uterus has important therapeutic implications. According to one extreme view, 341 uterine vasculature does not autoregulate but acts as a rigid conduit, blood flow correlating directly with changes in arterial pressure; thus, antihypertensive therapy might jeopardize fetal survival or well-being. Other investigators," 7 however, believe that autoregulation of blood flow in the uteroplacental circulation is rapid and efficient.
Gant et al. 361 have used the placental clearance of dihydroepiandrosterone sulfate as an index (albeit controversial) of human uteroplacental blood flow. These investigators found evidence for decreased uteroplacental blood flow with diuretic therapy in gravidas. Their observations, which need corroboration, are frequently cited in connection with cautions against use of diuretic agents in treatment of hypertensive gravidas.
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Also of note is the effect of oral contraceptives on the uterine vasculature.
3 " It is claimed that long-term use of these agents results in intimal proliferation in uterine vessels. The relationship of such uterine vascular lesions to the hypertension produced by oral contraceptives should be further explored.
Pulmonary Circulation
Normal
The pulmonary circuit is characterized by low intravascular pressures, high compliance, low resistance, low responsiveness to neurogenic and humoral stimuli, and minimal local regulation of blood flow. The pulmonary vasculature is an important site for the metabolism of vasoactive substances, such as angiotensin and prostaglandins. Low pressure baroreceptors, operating reflexly on the systemic circuit, have been identified in the lung. Baroreceptors in the left atrium influence urine flow by a humoral mechanism.
Hypertension
Very few studies have been addressed to the status of pressures and resistances in the pulmonary circulation in hypertension. Most of these studies were made a number of years ago and reported normal pulmonary hemodynamics in hypertensive patients at rest, 3 "" 3 " with the exception of elevations accompanying left ventricular dysfunction. 1 " It was also known that with exercise, pressures and resistances in the pulmonary circuit in hypertensives became abnormally high, accompanied by abnormal elevations of pulmonary capillary wedge pressures.** 4 Within the past 2 years, however, there have been reports of elevations in pulmonary artery pressure and resistance at rest in some patients with established essential hypertension, in the absence of increases in pulmonary capillary wedge pressure or any evidence for left ventricular failure. 3 "' 358 The patients, however, did have left ventricular hypertrophy, so there remains the possibility that the increased pulmonary pressures and resistances represented residual effects of the elevated left heart filling pressures that probably occurred with activity in these patients. Similar studies in patients with mild uncomplicated or borderline hypertension would help to better assess effects of left ventricular dysfunction.
There have been even fewer studies of the pulmonary circulation in animals with experimental hypertension. Several investigators"-" B have found right ventricular hypertrophy in rats with various forms of experimental hypertension, suggesting the presence of elevated right ventricular pressure or flow loads. One group,* 40 however, found that normal right ventricular systolic pressure accompanied right ventricular hypertrophy in pentobarbital anesthetized SHR; this group also reported abnormalities in pulmonary vascular responses to locally administered angiotensin II and prostaglandin F to . Pulmonary artery wall thickness was reported normal unless the rats were subjected to hypoxic stress, at which time arterial hypertrophy was observed in SHR but not in WKY. Another group, 171 however, reports evidence for medial smooth muscle hypertrophy in pulmonary arteries from unstressed SHR, together with increases in wall mucopolysaccharides and glycoproteins.
Additional studies of the pulmonary circulation in clinical and experimental hypertension are certainly indicated. Small changes in pressures in the lesser circuit are of major importance in circulatory homeostasis. Longitudinal studies are of particular importance in distinguishing primary changes in pulmonary hemodynamics from those induced by left ventricular dysfunction. Finding elevated pressures and resistance in mild uncomplicated hypertension would be of importance in suggesting that a common mechanism may produce vasoconstriction in the greater and lesser circulations; in the pulmonary circulation, it is unlikely that such vasoconstriction could be explained on the basis of whole body autoregulation.
*
1 Further studies of pulmonary vascular compliance, wall composition, and dose-response relationships to vasoactive stimuli, including the capacity for maximal vasodilation and constriction, are also necessary.
Function of low pressure baroreceptors in the lesser circulation and left atrium in hypertensives should be further evaluated. Finally, the metabolic functions of the pulmonary vasculature in hypertensives should be assessed; it would be of great interest to know, for example, whether the vasodilator prostaglandin E2 is metabolized to the same extent by the lungs of hyperand normotensive subjects and to explore the state of the pulmonary conversion of angiotensin II and inactivation of kinins in hypertension.
Recommendations Methodology
Historically, innovations in technology have preceded important gains in knowledge. Thus, high priority should be given to development of techniques for longitudinal studies of systemic and regional (including intraorgan) hemodynamics in hypertensive animals and man. In this regard, better methods are required for indirect and direct measurement of blood pressure. The need for portable instruments that continuously and automatically record arterial pressure in patients is especially pressing.
Noninvasive techniques for sequential measurement of cardiac output and regional blood flows in experimental animals and man are also necessary. Research leading to practical, reliable, and relatively inexpensive telemetric procedures, especially those applicable to small animals, should be supported. Additionally, further work is required to validate methods now used to measure cardiac output and regional blood flows in hypertensive patients.
The development of inexpensive computers will aid the continuous monitoring of hemodynamic variables necessary for longitudinal studies of the course of hypertensive disease. Similarly, further application of systems analysis and computer simulation will aid data analysis and interpretation.
For study of the microcirculation in hypertension, devices are needed to measure capillary blood flow and nutrient transport. Requirements for morphometric investigations include computerassisted systems for length detection and methods for analysis of frequency distribution data.
A critical need exists for methods allowing assay of samples from small areas of the kidney for minute amounts of intrarenal hormones. There is also need for development of additional antagonists, hormone inhibitors and analogs, and other pharmacologic agents that can specifically block intrarenal hormone systems involved in sodium and water homeostasis. In addition, we require neurophysiological techniques for long-term monitoring of renal neural activity in conscious animals before and during development of various types of hypertension.
Vascular Resistance and Compliance
Further studies of arterial, arteriolar, and venous resistance and compliance in hypertensive patients are required. Constriction of any segment of the vascular bed may contribute to the increase in resistance. Regional differences in peripheral resistance must be ascertained, particularly because they may have pathogenic significance.
Functional and structural components of elevated vascular resistance must be differentiated in various forms and stages of hypertension. Delineation of factors underlying the alterations is necessary. Search should be made for a humoral factor in volumeexpanded hypertension that elevates peripheral vascular resistance. There is evidence for such a factor, and its presence could link volume expansion to the rise in resistance.
Changes in venous resistance and compliance have a major effect on capillary hydrostatic pressure and venous return to the heart and, therefore, on body fluid distribution and cardiac output. Thus, the function of small veins and venules in hypertension should be assessed; these are the vessels that contain the largest proportion of the blood volume. Longitudinal studies should be designed to trace the development of changes in venous function and correlate them with other hemodynamic phenomena.
Microcirculation
Increased emphasis should be put on quantitative study of the microcirculation in hypertension, with particular attention to the status of diffusion distances and tissue oxygen pressure. Such investigations are especially important in organs that hypertrophy, such as the heart, where organ failure has been related to inadequate tissue nutrition. Moreover, research pertaining to the microcirculation in other critical organs, such as the brain and kidney, is also essential. Identification of a chemical factor ("capillary growth factor") that stimulates growth of new capillaries under conditions of tissue ischemia could lead to major advances in treatment of heart failure caused by hypertension.
Regional Circulations
Research is necessary to assess the ability of vascular beds to autoregulate at various times during the development of hypertension. The investigations would ideally be coupled with measurement of tissue metabolism and nutrient transport. Such studies would be of particular interest in the kidney, brain, and heart.
Because the kidney has a unique role in maintaining body fluid volumes and, thereby, arterial blood pressure, increased study of these basic renal mechanisms and their derangements in hypertension is advisable. Analysis of long-term humoral and neural control of renal function should be emphasized.
The heart and brain are especially affected by elevated arterial pressure; therefore, we advocate careful investigation of the coronary and cerebral circulations and underlying mechanisms. In hypertensive animals and patients, more information is required about the vascular responses of these beds to a variety of neurohumoral and pharmacologic agents, and to sympathetic nerve stimulation. Examination of intraorgan distribution of blood flow in hypertension is particularly critical in the brain and heart. The status of the permeability of the blood-brain barrier in the hypertensive state, including control mechanisms, needs to be determined.
Blood Viscosity
Recent reports suggest an important role for blood viscosity in the increased resistance of certain forms of hypertension. Additional studies must be made to confirm or deny the reports. The investigations should be designed so that critical analysis can be made of each of the major factors regulating blood viscosity. Furthermore, viscosity measurements should be correlated with the stage and type of hypertension, measurements of circulatory (and microcirculatory) dynamics, body fluid volumes, and endocrine state.
Effects of Therapy
Additional studies are required to assess the effects of antihypertensive treatment on vascular (both arterial and venous) changes and organ and intraorgan flows. The influence of various compounds on arterial wall thickening should be carefully assessed at different stages of hypertensive disease. Whether antihypertensive therapy causes regression of wall-thickening is one important issue to be resolved. Investigating the effect of treatment on the bloodbrain barrier is also important. 
